INTRODUCTION
============

K channels elicit the passage of K^+^ across the hydrophobic core of the membrane, with high transport rates and exquisite discrimination among cations having similar ionic radii and valence ([@bib38]; [@bib17]; [@bib21]; [@bib47]; [@bib28]). This property appears to rise from a key feature common to members of the K channel family: the "signature sequence" of eight amino acidic residues (TMxTVGYG) forming the narrowest section of the conduction pathway. As proposed in the early 1970s and confirmed by crystallographic data in 2001, the oxygen atoms of carbonyl groups of what we know now as the "selectivity filter" coordinate the incoming K^+^, acting as water surrogates, lowering the energetic cost to place a partially dehydrated ion within the membrane realms ([@bib3]; [@bib19]; [@bib47]; but see [@bib46]). Considering the high degree of conservation of the signature sequence, it is surprising to find that single-channel conductance displays wide variability among K channels, which ranges between 2 and 250 pS in standard experimental conditions (around 100 mM of symmetric potassium). Such dispersion gives rise to the general division between small and large conductance K (BK) channels ([@bib26]; [@bib4]; [@bib7]; [@bib35]).

Electrostatic calculations on MthK, a large conductance open bacterial K channel structure (Protein Data Bank \[PDB\] accession no. [1LNQ](1LNQ)), showed that the trans-pore electric field is highly focused along the selectivity filter ([@bib23]). Thus, ion transit across this narrow region is expected to be the rate-limiting steps for K^+^ translocation. In addition, the voltage-dependent Ag^+^ accessibility to the CNG channel pore indicates that most of the electric field drops along its selectivity filter ([@bib9]). However, theoretical studies predicted that as the pore cavity sectional area increases, the required energy for a potassium ion to dwell inside gets smaller by 4--28 kcal × mol^−1^ per Å^−1^ in the pore radius ([@bib38]; [@bib8]; [@bib24]; [@bib42]). Then, because the cavity diameter in the structure of the Kv1.2/2.1 chimera (PDB accession no. [2R9R](2R9R)) is ∼10 Å narrower than that of the MthK channel, a common structural template for BK channels, it should be energetically more expensive to put an ion in the Kv cavity, decreasing the ion transport rate. Thus, in narrow channels a significant part of the electric field may drop in the cavity.

With a reported unitary conductance of ∼20--25 pS at 100--150 mM and ∼45 pS at saturating symmetrical K^+^ ([@bib18]), the voltage-gated Shaker K channel is a small-intermediate conductance K channel. We have proposed that, unlike large conductance channels, the rate-limiting step for ion conduction in this channel is not ion translocation across, but the movement toward or from, the selectivity filter ([@bib35]). In Shaker, most of the electrical resistance would be located outside the selectivity filter. Then, the electric field would not be as focused across that structure as in BK channels, but more spread out along the whole pore. Thus, a single-point mutation, Pro475Asp, in the PVP region at the Shaker internal entrance increases unitary conductance to ∼100 pS in 100 mM K^+^ and to ∼200 pS at saturating K^+^ ([@bib41]; [@bib35]). This latter conductance is only one third of BK channel's ∼600-pS maximum conductance ([@bib10]; [@bib6]), narrowing the gap between the overall energy of K^+^ transport rates between Shaker and BK channels to ∼1 kT units. It seems that P475D channels' large conductance is achieved by increasing pore occupancy with the addition of new K^+^-binding sites ([@bib35]).

In this paper, we probe Shaker internal entrance dimensions and the contribution of separate zones of the pore to the overall resistance. To do so, we unilaterally applied high sugar concentration to increase the solution viscosity either internally or externally. To test the influence of pore occupancy in single-channel conductance, we constructed variants with additional aspartate residues in the internal vestibule of Shaker-WT and P475D to further raise K^+^ density along the pore, and measured their unitary conductance in a wide range of K^+^ concentrations.

MATERIALS AND METHODS
=====================

Channel expression and patch-clamp recordings of Shaker K channels
------------------------------------------------------------------

All Shaker mutants were generated with the QuickChange site-directed mutagenesis kit (Agilent Technologies). For transcription, pBlu-SK plasmids containing Shaker-IR were linearized with NotI and incubated with T7 mMESSAGE Machine kit (Applied Biosystems). cRNA was suspended in 15 µl water and stored at −80°C. *Xenopus laevis* oocytes were injected with 0.1--1.0 ng cRNA and recorded 24--48 h later with the patch-clamp technique. Patch pipettes were made from borosilicate glass (World Precision Instruments) with the tip fire-polished to resistances of 2--60 MΩ. Electrodes and bath contained the experimental recording solutions of potassium methanesulfonate or KCl, plus 5 mM EGTA, 2 mM KCl, and 10 mM HEPES, pH 7.4. All experiments were done in the inside-out configuration, except for those in high external sucrose, which were made in outside-out patches ([Fig. S3](http://www.jgp.org/cgi/content/full/jgp.201411353/DC1){#supp1}). For measurements in high solution viscosity, after checking for the presence of one to two channels in the patch, the bath solution was perfused with a volume equivalent to fivefold the volume of the recording chamber, with a solution containing an additional 2 M sucrose.

Voltage commands and current recordings were performed with an Axopatch 200B amplifier through a Digidata 1200B or Digidata 1440 interface with pClamp 8 or pClamp 10 suites (Molecular Devices). Current traces were Bessel filtered to 5 kHz and acquired at 100 kHz. Individual traces were digitally refiltered to 1--2 kHz for analysis. I-V relations were built by averaging the amplitude of open events \>10 ms from 5--10 leak-subtracted single-channel traces from each experiment. These I-V relations were fitted to a third-degree polynomial function to allow for concave and convex shapes in the I-V relations. The derivative at zero voltage was used to calculate unitary conductance. The conductance versus \[K^+^\] relations were fitted to a Langmuir isotherm, which describes the data with two parameters: the dissociation constant and g~max~, the maximum conductance. g~max~ could be unambiguously estimated by measuring conductances in a wide range of \[K^+^\] ([@bib10]; [@bib32]; [@bib36]). Results are expressed as mean ± SEM, with *n*, the number of patches, between 3 and 5, unless stated otherwise.

Molecular dynamics simulations
------------------------------

Based on the homology model published by [@bib35], eight molecular systems of Shaker were built: WT, A471D, V476D, P475D, S479D, P475D/V476D, P475D/S479D, and A471D/P475D/S479D. In the first place, each Shaker structure was oriented to the z axis and embedded into a membrane composed by phosphatidyloleoyl phosphatidylcholine lipids. The force field CHARMM36 united-atom was defined for the membrane lipids ([@bib20]), and the CHARMM27 force field with the CMAP correction was defined for proteins ([@bib30], [@bib31]). Every system was hydrated by adding a water box with water molecule type TIP3P ([@bib25]) and, subsequently, ionized at 500 mM KCl. The total dimensions of the systems was 160 × 160 × 180 Å.

The initial conformations of each system were minimized in 50,000 steps and equilibrated by means of molecular dynamics of 2 ns with the α carbons restrained. The molecular dynamics simulations were executed with NAMD 2.9 software ([@bib39]), and the data production for each system were obtained above 10 ns. A constant temperature (300°K)/constant pressure (1 Atm) ensemble was used for all molecular dynamics. The pressure was fixed with the Langevin piston method, and the temperature was controlled using Langevin dynamics with a damping coefficient of 1 ps^−1^ ([@bib12]). Periodic boundary conditions were set, and the Ewald method was used to calculate the long-range electrostatic interactions into a grid-spacing \<1 Å. Restraints of 0.5 kcal mol^−1^ Å^−2^ were applied to the secondary structure α carbons.

Estimation of K^+^ ion hydrodynamic radius
------------------------------------------

We developed a method to estimate the hydrodynamic radius of potassium ions by using our own measures of the internal radius of capture of the Shaker pore ([Fig. 1](#fig1){ref-type="fig"}) together with the structure of the Kv1.2/2.1 paddle chimera channel (PDB accession no. [2R9R](2R9R); [@bib29]). The rationale consists of (a) to calculate the molecular surface of the internal entrance of the channel with a sphere of variable radius rolled on top of the van der Waals surface of the exposed residues ([@bib40]), and (b) to calculate the capture radius for K^+^ by taking the difference between the effective pore radius left by the rolling sphere and the radius of the probe (the putative hydrated K^+^). When such difference matches the experimentally obtained capture radius in diffusion-limited measures, as in [Fig. 1](#fig1){ref-type="fig"}, the radius of the probe becomes an estimate for the hydrodynamic radius of the approaching K^+^ ions.

Consider the cross section of a pore in [Fig. S1](http://www.jgp.org/cgi/content/full/jgp.201411353/DC1){#supp2}. Like many porous structures, the effective pore size radius is equal to the radius of the largest sphere that is able to pass ([@bib13]). Thus, the pore opening is determined by the effective size of the K^+^ ion (or the spherical probe) that, in turn, depends on the average number of water molecules forming its hydration shell. If K^+^ is a point charge (no physical dimension and no hydration shell) and the protein is a rigid structure, the effective pore opening to pass will be specified by the van der Waals envelope of the pore walls (Fig. S1 A; [@bib40]). But, if instead, K^+^ is a solid body of finite dimensions, it will not be able to pass across a surface tortuosity smaller than its own size, reducing the sectional area available for permeation (Fig. S1, B--E). On the other extreme, if K^+^ is a sphere with a radius larger or identical to the effective radius of the pore, it will not be able to permeate (Fig. S1 F). For each case, we draw the largest circle to circumscribe---and the smallest circle to inscribe---the pore, with radii named *r~min~* and *r~max~*, respectively. The effective opening should be somewhere in between these estimates (Fig. S1, B--E). Because of the loss in surface tortuosity, one expected result in radially symmetric structures is that *r~max~* and *r~min~* converge to the same value when the probe size reaches the effective pore size.

We represented the structure of the paddle chimera channel Kv1.2/2.1 in a VMD environment (<http://www.ks.uiuc.edu>; [@bib22]). The surface of the channel structure was calculated in the surf representation with an increasingly larger rolling probe onto the protein surface (Graphics/Representations/Drawing Method/Surf). We varied the probe radius (*r~P~*) between 1.3 and 4.6 Å, i.e., from a sphere of about the size of a naked K^+^ to one too big to get inside the pore. In the surf representation, for larger radii spheres (*r~P~* \> 4.6 Å) the pore becomes just another dimple on the protein's surface. The magnitudes *r~max~* and *r~min~* were measured with a ruler on top of a 1-Å grid directly on the screen (Extensions/Visualization/Ruler/grid) (Fig. S1, B--E). Thus, the differences: *r~max~* − *r~P~* or *r~min~* − *r~P~* should be equivalent to the maximum or minimum capture radius of the pore, respectively ([Fig. 6 G](#fig6){ref-type="fig"}).

Online supplemental material
----------------------------

Fig. S1 shows the methodology used to estimate the hydrodynamic radius of the K^+^ ion. Fig. S2 shows representative inward current traces of outside-out patches in the absence and presence of 2 M of external sucrose to measure the external access resistance. Fig. S3 shows individual measurements of cationic selectivity by determination of the bi-ionic potentials after replacement of internal K^+^ in inside-out patches. Fig. S4 shows that aspartate addition at position 476 in a background of P475Q does not decrease the maximum K^+^ unitary conductance in Shaker P475Q channels. The online supplemental material is available at <http://www.jgp.org/cgi/content/full/jgp.201411353/DC1>.

RESULTS
=======

Diffusion-limited currents in Shaker K channels suggest a narrow internal pore entrance
---------------------------------------------------------------------------------------

As [@bib5] did for BK channels, we measured the diffusion-limited unitary outward currents of Shaker variants in a highly viscous solution to obtain functional estimations for their internal entrance dimensions. At high positive voltage, the unitary outward current amplitude asymptotically approaches to a diffusion-limited, voltage-independent regime. This amplitude allows us to estimate the average capture radius of the channel pore ([@bib27]; [@bib2]; [@bib1]; [@bib5]). Considering a hemispheric internal access to the pore, the maximum diffusion-limited unitary current *i*~DL~ is:$$i_{\text{DL}} = 2\pi ze_{\text{o}}r_{c}Dc,$$where *z* is the valence of the permeant ion, *e*~o~ is the elementary charge, *c* is the bulk concentration of K^+^, and *D* is its diffusion coefficient. If we assume K^+^ as a point charge, *r~C~* represents the radius of the pore entrance ([@bib1]; [@bib5]). However, ions are supposed to have finite sizes; thus, we have to assume a physical radius for the ion to be able to estimate the physical dimension of the pore. If we assume that ions are solid spheres with radius *r~I~* entering a circular pore opening of radius *r~O~*, then *r~C~* = *r~O~* *−* *r~I~* ([@bib13]; [@bib1]; [@bib5]). The rationale for this subtraction is based on the fact that the total number of effective collisions for either the point or the finite charge will not change for identical radial deviations from the central trajectory.

We set out to measure diffusion-limited outward currents of Shaker-WT and P475D in the presence of 2 M sucrose in which the effective *D* is ∼0.14 of the control solution ([@bib5]). But, to compare measurements between these two variants, it is necessary to take into consideration some features of the P475D mutation: (a) the α-helical bending role of proline residues ([@bib44]), with the possible structural changes associated with the P475D mutation; (b) its deep impact on channel activation properties ([@bib41]); and (c) the fact that [Eq. 1](#fd1){ref-type="disp-formula"} assumes that the entrance is not charged, thus the local K^+^ concentration in the P475D pore entrance is surely different from that of the bulk solution. To assess the extent of the changes to the internal entrance dimensions produced by the replacement of Pro475, we also measured the diffusion-limited currents of P475Q because it is a neutral proline replacement that produced an already known increment of three- to fourfold in the unitary conductance ([@bib41]). [Fig. 1](#fig1){ref-type="fig"} shows leak-subtracted, single-channel traces of Shaker-WT (A), P475Q (B), and P475D (C) in 100 mM of symmetrical KCl and with 2 M sucrose added to the internal side. With sucrose, the unitary currents of Shaker-WT and P475Q appear to become voltage independent at V \> 220 mV, reaching values of 1.25 ± 0.032 pA (average current between 260 and 380 mV) and 1.22 ± 0.045 pA (average current between 220 and 300 mV), respectively. Thus, apparently the Pro475Gln mutation does not change significantly the dimensions of the internal entrance (P = 0.25 of a two-tail *t* test). On the other hand, for P475D, the voltage-independent current had an amplitude of 2.40 ± 0.27 pA, about twice the size of that of Shaker-WT ([Fig. 1 C](#fig1){ref-type="fig"}). Because (a) P475D outward currents are reduced to 50% after doubling the internal ionic strength with NMDG-Cl with respect to an equivalent osmolarity increment with sucrose ([@bib35]), and (b) [Eq. 1](#fd1){ref-type="disp-formula"} predicts a linear relationship between limiting current and \[K^+^\], we postulate that the carboxyl group of 475 side chains is doubling the local K^+^ concentration. Collectively, these values suggest that the internal entrance in all three variants, WT, P475Q, and P475D, has similar dimensions.

![Diffusion-limited currents of Shaker K channels. (A, C, and E) Single-channel current traces of Shaker variants in 100 mM of symmetrical KCl (top) and with 100 mM KCl plus 2 M sucrose in the bath (bottom). (A) Shaker-WT, (C) P475Q, and (E) P475D. (B, D, and F) Open-channel I-V relations of at least five traces from two to four independent experiments. (B) Shaker-WT, (D) P475Q, and (F) P475D. Open and closed symbols correspond to control and sucrose data points, respectively. The solid lines are fits of a third-degree polynomial function with no theoretical meaning. The last four points taken at the most positive voltage of each curve were averaged to obtain the diffusion-limited current value for each data series. Shaker-WT, i~DL~ = 1.25 ± 0.032 pA; P475Q, i~DL~ = 1.22 ± 0.045 pA; P475D, i~DL~ = 2.40 ± 0.27 pA.](JGP_201411353_Fig1){#fig1}

Assuming an effective diffusion coefficient for K^+^ of 0.25 × 10^−5^ cm^2^ s^−1^ in a solution having 100 mM KCl and 2 M sucrose ([@bib5]), from [Eq. 1](#fd1){ref-type="disp-formula"} we estimate *r~C~* = 0.82 ± 0.02 Å and *r~C~* = 0.84 ± 0.03 Å for Shaker-WT and P475Q channels, respectively. Considering that *r~C~* is the difference between the radius of the ion and the channel entrance, and that K^+^ ions access the conduction pathway, preserving their hydration sphere, 3.6--6.6 Å needs to be added to our estimates to account for the internal entrance radial dimensions ([@bib2]; [@bib1]; [@bib11]; [@bib47]). We used our estimated capture radius for Shaker-WT to assess the size of the K^+^ hydrodynamic radius by comparing it with the pore opening left on the Kv1.2/2.1 channel structure (PDB accession no. [2R9R](2R9R)). The rationale required calculating the molecular surface of the internal entrance left by a sphere of variable radius rolled on top of the van der Waals surface of the exposed residues (see details in Materials and methods) ([@bib40]). Then, we calculated the capture radius for the probe (the putative hydrated K^+^) by taking the difference between the effective pore radius left by the rolling sphere radius and its own radius. When such a difference matched 0.82 Å, the experimentally obtained capture radius in our diffusion-limited measurements ([Fig. 1](#fig1){ref-type="fig"}), the radius of the probe became an estimate for the hydrodynamic radius of approaching K^+^ ions. This match occurred when the radius of the probe was set to 3.8--4.1 Å (See [Fig. 6](#fig6){ref-type="fig"} and Discussion).

Estimation of Shaker's internal and external access resistances
---------------------------------------------------------------

In all three Shaker variants, internal sucrose also decreased the amplitude of unitary inward currents ([Fig. 1](#fig1){ref-type="fig"}). We used these decrements to estimate the contribution of the internal access resistance to the overall channel resistance under the assumption that sucrose did not access the permeation pathway. The total resistance, *R~T~*, is the contribution of the pore resistance *(R~P~*) and the access resistance (*R~AccIn~*): *R~T~* = *R~P~* + *R~AccIn~*. We defined *R~TSuc~* as the total resistance in 2 M sucrose. This resistance is larger than *R~T~* because of a 7.14-fold increment in the resistivity of the intracellular solution ([@bib5]). Thus, the total increment in resistance is *R~TSuc~* − *R~T~* = 7.14 *R~AccIn~* − *R~AccIn~*, and then:$$R_{AccIn} = \frac{R_{Tsuc} - R_{T}}{6.14}.$$In a similar fashion, we could estimate the external access resistance, *R~AccEx~*, with the addition of 2 M sucrose to the external solution in outside-out patches ([Fig. S2](http://www.jgp.org/cgi/content/full/jgp.201411353/DC1){#supp3}). [Table 1](#tbl1){ref-type="table"} summarizes the estimated zero-voltage resistance measured for the Shaker variants in the presence of 2 M sucrose on either side of the channel and the estimated internal and external access resistances. By separating the contribution of both the internal and external access resistances (*R~AccIn~* and *R~AccEx~*) from the total resistance at 100 mM K^+^, we also estimated the inner pore resistance (*R~InnerPore~*), a portion of the pore, including the selectivity filter, where sucrose cannot reach. The external access resistance is about the same for all variants, indicating similar external geometry and charge environment that, given that it is a mutation-free zone, validates this strategy. On the other hand, the internal access resistance for Shaker-WT and P475Q is near 9 GΩ, whereas it was 1.5 GΩ for P475D. If the effective radius of capture of P475D is twice that of the uncharged variants, as [Fig. 1](#fig1){ref-type="fig"} shows, this difference is threefold greater than expected. Such discrepancy may be caused by dissimilar sucrose invasion into the pore in the different variants (See Discussion).

###### 

Effect of internal or external sucrose additions on pore resistances

  Variant   *R~T~* (Control)   *R~TSuc~* (Int. sucrose)   *R~TSuc~* (Ext. sucrose)   *R~AccIn~*   *R~AccEx~*   *R~InnerPore~*
  --------- ------------------ -------------------------- -------------------------- ------------ ------------ ----------------
  WT        39 ± 1             90 ± 5                     53 ± 2                     8.2 ± 0.7    2.1 ± 0.4    30 ± 1
  P475Q     20 ± 2             77 ± 7                     31 ± 1                     9.3 ± 1.1    1.5 ± 0.3    9.3 ± 1.0
  P475D     6.6 ± 0.2          16 ± 1                     19 ± 1                     1.5 ± 0.5    2.0 ± 0.1    3.0 ± 0.3

*R~T~* is the resistance measured in 100 mM of symmetric K^+^. *R~TSuc~* was measured with 2 M sucrose added unilaterally to either the internal or external side. Resistances were measured by estimating the slope conductance crossing the plot's origin as in [Figs. 1](#fig1){ref-type="fig"} and S2. *R~AccIn~* and *R~AccEx~* are the access resistances of the internal and external entrances, respectively, whereas *R~InnerPore~* is the resistance of the pore region that is not sucrose accessible. *R~AccIn~*, *R~AccEx~*, and *R~InnerPore~* were calculated from [Eq. 2](#fd2){ref-type="disp-formula"}, assuming a 7.14-fold increment in the resistivity of the solution after the addition of 2 M sucrose ([@bib5]). All estimations are from a minimum of three individual patches. Resistances are in GΩ.

The inner pore resistance is 3.0 GΩ for P475D and 3- and 10-fold higher, respectively, for P475Q and Shaker-WT. Then, we may consider 3.0 GΩ as the upper limit for the resistance of P475D's selectivity filter. Because the selectivity properties of the filter in all tested Shaker variants remained unchanged, as suggested by nearly identical permeability ratio sequences (Fig. S3), their selectivity filter resistance should be similar. Thus, the internal part of the cavity of P475Q and Shaker-WT should have resistances of ∼6 and ∼27 GΩ, respectively.

Introduction of negative charged rings to the internal entrance of Shaker-WT increases local \[K^+^\]
-----------------------------------------------------------------------------------------------------

We introduced negative charges along the Shaker pore to test to what extent the increment in occupancy would reduce pore resistance. First, we added negatively charged rings similar to those existing at the internal entrance of BK channels. In BK channels, two glutamate residues per subunit raise the outward unitary conductance by increasing the local internal K^+^ concentration ([@bib6]). We introduced negatively charged rings at positions 476 and 479 to Shaker (corresponding to MSlo Glu321 and Glu324, respectively) to assess their contribution to conductance. [Fig. 2](#fig2){ref-type="fig"} summarizes the effect of the charged rings on Shaker unitary conductance measured in different symmetrical potassium methanesulfonate concentrations. We measured Shaker-WT conductance in the 100--3,000-mM K^+^ interval ([Fig. 2 A](#fig2){ref-type="fig"}), whereas we used 30--1,000 mM K^+^ for V476D and S479D ([Fig. 2, B and C](#fig2){ref-type="fig"}). On the left side of the figure are leak- and capacitance-subtracted representative unitary current traces elicited by voltage ramps, whereas on the right side are the I-V relations obtained from the open-channel amplitude. Unitary conductances that were calculated from the slope at 0 mV (see Materials and methods) are plotted in [Fig. 2 D](#fig2){ref-type="fig"}. As in BK and KcsA channels, the negatively charged rings at the internal entrance produced a dramatic increase of single-channel conductance at 100 mM K^+^; in this case, it was a four- to fivefold increment. At higher K^+^ concentrations, the increase is far less drastic or even negligible, as indicated by the attempts to fit to a Langmuir hyperbola used to assess the maximum conductances (g~max~), which were: 59 ± 10 pS (*n* = 3), 61 ± 3 pS (*n* = 3), and 75 ± 3 pS (*n* = 3) for Shaker-WT, V476D, and S479D, respectively (continuous lines in [Fig. 2 D](#fig2){ref-type="fig"}). Thus, as in BK and KcsA channels, at lower K^+^ concentrations the charged ring may electrostatically attract K^+^ in the vicinity of the internal channel entrance, but at higher K^+^ the electrostatic potential is strongly screened by the higher ionic strength, decreasing the K^+^ excess ([@bib6]; [@bib37]). In summary, these results suggest that residues 476 and 479 in Shaker, when charged, work as they do in BK and KcsA channels.

![Effect of introducing charged residues at the internal entrance of Shaker-WT channels. (Left) Leak- and capacitance-subtracted single-channel traces of (A) Shaker-WT, (B) V476D, and (C) S479D in a wide range of symmetrical \[K^+^\] (100--3,000 mM for Shaker-WT and 30--1,000 mM for V476D and Shaker-S479D). (Right) I-V relations obtained from open-channel amplitudes. Data correspond to *n* ≥ 10 traces from three separated patches. Data were fitted by a third-degree polynomial function having no theoretical meaning, and the slope of the fit traces at zero voltage was used to obtain the conductance values. (D) Zero-voltage slope conductance of the unitary currents displayed in the right panels of A--C. Data were fitted to a Langmuir isotherm for comparative purposes. Fit parameters: Shaker-WT, Kd = 250 ± 38 mM and g~max~ = 59 ± 10 pS; V476D, Kd = 3.6 ± 2.6 mM and g~max~ = 61 ± 3 pS; S479D, Kd = 4.7 ± 1.6 mM and g~max~ = 75 ± 3 pS. The discrepancy with the maximum conductance of ∼45 pS measured for Shaker-WT ([@bib18]) is possibly caused by the absence of added Mg^2+^ in our solutions. Mg^2+^ could induce a low affinity blockade that reduces single-channel conductance ([@bib18]; [@bib17]; [@bib35]).](JGP_201411353_Fig2){#fig2}

We next tested for the charged rings' influence on current amplitude of the large conductance P475D variant (with g~max~ = 186 pS; [@bib41]; [@bib35]). In the 30--1,000-mM \[K^+^\] range, P475D/V476D and P475D/S479D responded very differently to K^+^ ([Fig. 3, A and B](#fig3){ref-type="fig"}). Although P475D/S479D showed similar K^+^ dependence as P475D (dashed line in [Fig. 3 C](#fig3){ref-type="fig"}), P475D/V476D unitary conductance was virtually K^+^ independent but with maximum conductance ∼50% of that of P475D (g~max~ = 87 ± 1 pS; open symbols). On the contrary, the P475D/S479D maximum conductance is very similar to that of P475D with g~max~ = 179 ± 10 pS (*n* = 3; closed symbols). These results indicated that as in Shaker-WT ([Fig. 2](#fig2){ref-type="fig"}), KcsA, and BK channels, the ring at 479 raises local K^+^ concentration ([@bib6]; [@bib37]). However, it is somehow unexpected that the negatively charged ring at 476 produced a 50% reduced maximum conductance with respect to P475D. Such reduction seems to be specific for the presence of an aspartate at position 475 because the P475Q/V476D variant showed maximum unitary currents similar to P475Q ([Fig. S4](http://www.jgp.org/cgi/content/full/jgp.201411353/DC1){#supp4}). In fact, the \[K^+^\] dependence of the P475Q/V476D variant is qualitatively and quantitatively similar to that of V476D on top of a WT background. On the other hand, the reduced maximum conductance of P475D/V476D is not consistent with a simple inhibition mechanism by a contaminant ionic compound present in the recording solution because that would not maintain the same percentage of inhibition along more than one order of magnitude of K^+^ concentration and ionic strength. We do not have an explanation for this phenomenon. The lack of K^+^ dependence may represent the behavior of a saturated pore in which the double charged ring characteristic of P475D/V476D acts as an electrostatic trap for K^+^ ions, decreasing by 50% their rate of exit in any direction.

![Effect of introducing charged residues at the internal entrance of P475D channels. (Left) Leak- and capacitance-subtracted single-channel traces of (A) P475D/V476D and (B) P475D/S479D in the 30-1,000-mM range of symmetrical \[K^+^\]. (Right) I-V relations from the unitary amplitudes of both variants. The slope third-order polynomial fits were used to obtain the conductance values at zero voltage. (C) Zero-voltage slope unitary conductance obtained from the I-V relations displayed in A and B plotted versus \[K^+^\]. Data of P475D/S479D were fitted to a Langmuir isotherm (Kd = 22 ± 7 mM and g~max~ = 179 ± 10 pS), whereas the data of P475D/V476D could not be fitted by a Langmuir isotherm; instead, we choose to average the unitary conductance of the channel at all K^+^ concentrations (g~max~ = 87 ± 1 pS). For better comparison, we included the fit of P475D from [@bib35] (Kd = 48 ± 6 mM and g~max~ = 186 ± 2 pS; discontinued line).](JGP_201411353_Fig3){#fig3}

Addition of negatively charged residues at the inner cavity increased pore occupancy but did not raise the maximum conductance
------------------------------------------------------------------------------------------------------------------------------

We tested the effect of increasing the pore occupancy by the introduction of negatively charged residues proximal to 475, within the internal vestibule. Simplistically speaking, if solvent-exposed, these additional negative charges oriented into the pore would make more K^+^-binding sites to be filled, favoring a knock-on mechanism ([@bib33]; [@bib35]). Similar to expression patterns reported for substitutions proximal to P475 by [@bib15], charge additions between 470 and 474, except for A471D, resulted in nonfunctional or non-expressed protein. Thus, residue 471 in Shaker is not buried in the protein as indicated in the structure of the Kv1.2/2.1 chimera (see [Fig. 5 A](#fig5){ref-type="fig"}). A471D showed g~max~ ∼50% larger than that of Shaker-WT, suggesting that the mutation A471D may indeed increase pore occupancy in a WT background (g~max~ = 96 ± 2 pS; closed triangles in [Fig. 4 D](#fig4){ref-type="fig"}). Meanwhile, the substitution A471D/P457D and A471D/P475D/S479D reached g~max~ = 175 ± 4 pS and g~max~ =185 ± 6 pS, respectively, very similar to P475D alone.

![Charge additions at the inner cavity of Shaker K channels. (Left) Leak- and capacitance-subtracted single-channel traces of (A) Shaker-A471D, (B) P475D/A471D, and (C) P475D/S479D/A471D in the 30-1,000-mM range of symmetrical \[K^+^\]. (Right) I-V relations obtained from open-channel amplitudes. The continuous traces are third-degree polynomial functions fitted to the data. The slope of the fit function at zero voltage was used to obtain the conductance values. (D) Slope conductance of open-channel amplitude displayed in A--C is plotted vs. \[K^+^\]. Data were fitted to a Langmuir isotherm with the following fitting parameters: A471D, Kd = 67 ± 1.4 mM and g~max~ = 96 ± 2 pS; P475D/A471D, Kd = 65 ± 12 mM and g~max~ = 175 ± 4 pS; P475D/S479D/A471D, Kd = 6.7 ± 3.3 mM and g~max~ = 185 ± 6 pS.](JGP_201411353_Fig4){#fig4}

To test if pore occupancy was increased in these mutants, we perform equilibrium molecular dynamics simulations of the three mutants described in [Fig. 4](#fig4){ref-type="fig"} and Shaker-WT (See Materials and methods). We built structures for the open WT and the charged variants used here by comparative modeling with the pore domain of Kv1.2 (PDB accession no. [2A79](2A79); [@bib35]). The protein models were embedded in a hydrated phosphatidyloleoyl phosphatidylcholine lipid bilayer, and K^+^ ions were added to reach 500 mM, a concentration in which the conductance of most of our variants is nearly maximal. As an index of pore occupancy, K^+^ densities were calculated in 0.5-Å slices along a 5-Å radius cylinder concentric with the pore ([@bib35]) ([Fig. 5 A](#fig5){ref-type="fig"}). [Fig. 5 B](#fig5){ref-type="fig"} shows similar ion densities at the selectivity filter for all variants but differed greatly toward the internal entrance. In contrast to Shaker-WT, A471D showed two peaks near the center of the cavity indicating increased K^+^ occupancy. This higher ion density is clearly associated with the Asp471 side chain, suggesting, as expected from the experimental data, an overall increment in pore occupancy. Further increments over P475D are observed with the A471D/P475D and A471D/P475D/S479D mutants, permitting the pore to host up to six K^+^ ions. However, these increments in occupancy were not matched by increases in single-channel conductance, suggesting that the transport rate has already reached its maximum in the P475D variant. Remarkably, additional electrostatic concentrators outside the pore, or traps inside, do not change the ∼200-pS limit for Shaker variants. Thus, conductance in Shaker-type channels is limited by either the translocation across the selectivity filter or by additional steps unrelated to occupancy as, for example, dehydration (unpublished data).

![Pore occupancy is modified by charge addition along the permeation pathway. (A) A snapshot of the Shaker pore structure and scheme of occupancy analysis. Shaker protein, shown in light pink, was modeled using the crystallographic structure of Kv1.2 channel as a template (PDB accession no. [2A79](2A79); [@bib35]). Segments S5--S6, forming the pore domain, are the red ribbons; K^+^ are green spheres; lipids are in light gray in surf representation; and residues 471, 475, 476, and 479 are represented as gray, green, blue, and yellow bumps, respectively. The front and back subunits were removed for clarity. The discontinuous lines schematize the 5-Å-radius, pore-concentric cylinder in which time-averaged ion densities were calculated in 0.5-Å-thick slices. (B) Occupancy profile for Shaker-WT, V476D, S479D, A471D, P475D, P475D/V476D, P475D/S479D, and A471D/P475D/S479D calculated by the time-averaged ion densities inside the pore-concentric, 5-Å-radius cylinder relative to the bulk solution (500 mM K^+^) during ∼10 ns of simulation. Discontinuous lines indicate the binding sites at z of ∼14, ∼11, ∼8, ∼5, ∼2, approximately −9, approximately −15, and approximately −19 Å for s~0~, s~1~, s~2~, s~3~, s~4~, s~5~, s~6~, and s~7~, respectively. The drawing in A and B is at approximately the same Z-scale.](JGP_201411353_Fig5){#fig5}

DISCUSSION
==========

Here, we tested the functional dimensions of the intracellular mouth of Shaker-WT and two higher conductance variants having mutations in the PVP region at the internal pore entrance. The neutral variants, Shaker-WT and P475Q, showed similar radii of capture (∼0.82 Å), whereas that of P475D was twofold bigger. We have to keep in mind that these estimates assume that K^+^ is a point charge without physical size, and that the pore opening is uncharged. Thus, the actual physical radius would include the effective radius of the permeant ion and its hydration shell ([@bib1]). We also tested how channel occupancy influences conductance by measuring g~max~ in Asp variants A471, P475, V476, and S479, being 476D and 479D equivalents to the charged rings in BK channels. In our hands, Shaker-WT unitary conductance increased from ∼25 pS in 100 mM to ∼60 pS in 3,000 mM of symmetric K^+^. When added to a WT background, V476D did not increase g~max~, whereas S479D did by ∼10% and A471D by 50%. On the other hand, when the mutations were added to the high conductance P475D variant (with g~max~ of ∼190 pS), V476D alone halved g~max~, whereas A471D, S479D, nor A471D/S479D had any effect. Molecular dynamics simulations also indicated that the pore occupancy is indeed increased in all negatively charged mutants. Thus, Shaker maximum unitary conductance appears to have a ceiling near 200 pS, approximately one third of that of BK channels.

Pore dimensions and the hydrated potassium radius
-------------------------------------------------

Because P475Q showed similar diffusion-limited currents to those of Shaker-WT, we propose that the Pro→Asp substitution at position 475 did not significantly modify the dimensions of the internal entrance either ([Fig. 1](#fig1){ref-type="fig"}). Because in a diffusion-limited regimen the outward unitary current of P475D should be strictly proportional to the potassium concentration, a twofold increment in the P475D diffusion-limited current, with respect to Shaker-WT, suggests that the four Asp carboxyl side chains at position 475 double the K^+^ concentration in the vicinity of the intracellular mouth. This twofold increment harmonizes with (a) the observed 50% reduction in the outward current when the internal ionic strength is doubled with NMDG-Cl with respect to equivalent addition of sucrose to parallel the osmolarity change ([@bib35]), and (b) the twofold outward currents increment produced by the negatively charged ring in BK and KcsA channels ([@bib6]; [@bib37]).

Based on diffusion-limited currents, the internal radius of capture (*r*~c~) for K^+^ ions in Shaker is ∼0.82 Å, ∼1.4 Å narrower than that of BK channels, with *r*~c~ = 2.2 Å ([@bib5]). Whether the K^+^ ions behave as point charges or solid bodies, these differences should be maintained as long as the geometrical considerations are equally valid for both channel proteins and the diffusional size of K^+^ is the same. Although comparisons with the available structural data are warranted, they should be made carefully because of the resulting simplistic geometric assumptions ([@bib27]; [@bib1]; [@bib21]; [@bib5]). Even worse, the ∼1.4-Å difference in *r~C~* with BK channels requires additional considerations to be taken seriously; for example, it is substantially below the ∼8--10-Å difference between the pore of the large conductance MthK channel and the Kv1.2/2.1 paddle chimera, the template for Shaker channels (radii of ∼12 and ∼5 Å, respectively; [@bib23]; [@bib29]). Moreover, pore dimension of open BK channels could be even larger, as confirmed with double-cysteine modification within the pore ([@bib48]). Thus, because of these discrepancies around the BK channel structure, here we compare our functional data with the available structural data for Kv channels only. Such comparison allows for an estimate of the effective radius to K^+^ ions approaching the channel (see below).

It seems unavoidable to assume that K^+^ ions must be hydrated while approaching the internal mouth of the pore. However, the average number of water molecules attached or the effective physical dimensions of the K^+^--water complex is much more mysterious. There are several estimations for the average radius of hydrated K^+^, ranging between 3 and 6 Å ([@bib11]). According to these figures, the diameter of the internal entrance of Shaker should be somewhere between 8 and 14 Å, a number in agreement with the 10--12-Å structural data for Kv1.2 ([@bib28]). However, because of the large variation in the estimations of the radius of the hydrated K^+^ complex, this approximation remains unsatisfactory.

We approached the dimension of the hydrated K^+^ complex entering the pore by calculating the molecular surface of the internal entrance of the channel with a rigid sphere of variable radius rolled on top of van der Waals surface of the exposed residues ([@bib40]). By taking the difference between the effective pore radius left by the rolling sphere and the radius of the probe (*r~P~*, the radius of the putative hydrated K^+^), we obtain an estimation of the capture radius for K^+^. When such a difference matches with our diffusion-limited estimates of *r*~c~, the probe becomes an estimation for the hydrodynamic radius of the approaching K^+^ ions.

In the VMD environment ([@bib22]), we measured the effective pore radius left by the variable radius spherical probe rolled over the surface of the Kv1.2/2.1 paddle chimera crystal structure (PDB accession no. [2R9R](2R9R); see Materials and methods and Fig. S1). For each probe radius, between 1.3 and 4.5 Å, we drew the largest circumscribed and the smallest inscribed circles in the pore entrance, with radii named *r~max~* and *r~min~*, respectively ([Figs. 6, A--E](#fig6){ref-type="fig"}, and S1, B--E). The effective opening may be somewhere in between these estimates. Because of the loss in surface tortuosity, one expected result in radially symmetric structures is that *r~max~* and *r~min~* converge to the same value as the probe approaches the pore size. Here, regardless of the size of the probe, the narrowest part of the internal entrance left by the probe always coincided with the side chain of residue 403 (residue 475 in Shaker). To obtain the radius of capture for each probe size, *r~P~* was subtracted to *r~max~* (*r~C~* = *r~max~* − *r~P~*) or to *r~min~* (*r~C~* = *r~min~* − *r~P~*; [Fig. 6 F](#fig6){ref-type="fig"}). For probes with a radius \>4.5 Å, the effective size of the internal entrance was smaller than the size of the probe, making the passage of the probe cavity geometrically impossible (radius of capture negative). When *r~P~* = 3.8 Å, the difference *r~C~* = *r~min~* − *r~P~* is equal to 0.82 Å, our estimate of the radius of capture. This is a lower limit for the size of a hydrated K^+^. Whereas when *r~P~* = 4.1 Å, the difference *r~C~* = *r~max~* − *r~P~* is 0.82 Å, being the upper limit for the size of a hydrated K^+^. These 3.8--4.1-Å estimates are similar to the dimensions of the complex formed by K^+^ and its eight water molecules "trapped in flagrante" in the cavity of the KcsA channel, suggesting that K^+^ ions approach the pore with one hydration layer tightly bound ([@bib11]; [@bib33]; [@bib47]). [Fig. 6](#fig6){ref-type="fig"} also makes the structural data harmonize with functional estimates for the internal vestibule diameter attained from the formation of Cd^2+^ cross-bridges in the open pore of Shaker ([@bib43]).

![K^+^ ion hydrodynamic radius. (A) Schematic lateral view of Kv1.2/2.1 paddle chimera structure (PDB accession no. [2R9R](2R9R)) along the pore. The front and back subunits, together with the voltage sensor and T1 domains, were omitted. A schematic representation of the selectivity filter together with two of the pore helices and two Pro475 residues is shown for reference. Also a scheme of the 1 × 1--Å grid and the circles described by *r~min~* and *r~max~* are shown in blue and yellow, respectively. The eye and the arrow drawings indicate the point of view for the following images. (B--E) Surfaces left by rolling a sphere of variable radius onto the van der Waals surface of the protein. Radii varied from 1.3 to 4.6 Å (indicated in each panel). For reference, B also shows the 1 × 1--Å grid used to measure the radii *r~min~* and *r~max~* (represented in blue and yellow, respectively). As the size of the probe increased, the surface left by the probe was less grainy; also, the difference between the two radii decreased. When *r~C~* was ≥4.6 Å (F), the probe was not able to enter the pore. (G) Effective radii of capture, *r~C~*, for *r~min~* and *r~max~* plotted versus *r~P~*, the radius of the probe. The size of the hydrodynamic radius for K^+^ ion was obtained when *r~C~* matched the experimentally obtained capture radius of 0.82 Å (dashed line). The values for the K^+^ ion hydrodynamic radius were 3.8 and 4.1 Å for the comparison with the smaller and the bigger circle data, respectively (vertical arrows).](JGP_201411353_Fig6){#fig6}

Pore dimensions and the resistance of the permeation pathway
------------------------------------------------------------

Theoretical calculations across several channel structures showed that most of the voltage profile drops across the selectivity filter; thus, the rate-limiting step for ion conduction should be transitions across this structure ([@bib34]; [@bib23]; [@bib7]). These calculations seem to be validated in CNG channels in which voltage-dependent Ag^+^ accessibility indicates that ∼80% of the field drops across the selectivity filter ([@bib9]). We have suggested before that the internal cavity of small conductance K and BK channels does not contribute equally to their total channel resistance, being larger in small-conductance channels ([@bib35]). In line with this reasoning, our diffusion-limited current experiments on Shaker K channels ([Fig. 1](#fig1){ref-type="fig"}) and the effective pore diameter calculations in [Fig. 6](#fig6){ref-type="fig"} on the Kv1.2/2.1 structure from [@bib29] lead us to estimate ∼10 Å for the diameter of the internal entrance, narrower than that of BK channels ([@bib5]; [@bib48]). This narrow pore would contribute a higher electrical resistance in small conductance channels, making the electric field significantly drop away from the selectivity filter. These considerations led us to use the decrease in the currents produced by internal/external sucrose to calculate the contribution of different sections of the pore to its overall resistance ([Figs. 1](#fig1){ref-type="fig"} and S2, and [Table 1](#tbl1){ref-type="table"}). According to our estimations, with at most 3 GΩ, the selectivity filter contributes with \<50% of the total pore resistance in the P475D variant. Also, our estimates for the external access resistance are consistent across all variants, giving an overall average of ∼1.9 GΩ. On the contrary, the internal access resistances showed much higher variability ([Table 1](#tbl1){ref-type="table"}) and were higher than expected from theoretical calculations, suggesting sucrose's partial invasion into the pore (see below). Consider the access resistance, *R~AccIn~*, experienced by the ion transiting between some distant point in the bulk of the solution and the internal mouth of the channel approximated by a hemispherical casket shell with radius equal to *r*~C~:$$R_{AccIn} = \frac{\rho}{2\pi r_{C}},$$where *ρ* is the resistivity of the 100 mM of KCl solution (120 Ωcm; [@bib21], but see [@bib16], for a more precise calculation). Assuming an effective *r*~C~ of 0.82 Å for Shaker-WT and P475Q, we obtained values of 2.33 GΩ for *R~AccIn~*. Meanwhile for P475D, with an effective *r*~C~ = 1.6 Å because of the twofold higher diffusion-limited currents ([Fig. 1](#fig1){ref-type="fig"}), we obtained *R~AccIn~* =1.16 GΩ, in agreement with the experimental estimation of 1.5 GΩ ([Table 1](#tbl1){ref-type="table"}). But for the neutral variants, the experimental estimations are approximately fourfold larger than their theoretical counterparts. This discrepancy may indicate that sucrose enters the pore, beyond the access vestibule in the neutral variants, producing an additional increase in their resistance.

To assess the invasion of sucrose into the pore, we could define a partition coefficient for sucrose, or a fraction of the time that sucrose occupies the pore, or simply define two zones within the cavity: one zone more distal, where sucrose has free access and behaves as in the bulk solution; and a second one, deeper into the protein, where sucrose cannot reach. Assuming that sucrose does not change the selectivity filter properties, because it never approaches it, we can divide the total pore electrical resistance, *R~T~*, into five zones ([Fig. 7](#fig7){ref-type="fig"}), represented by five in-series resistors:$$R_{T} = R_{AccIn} + R_{SucOc} + R_{SucFr} + R_{f} + R_{AccEx},$$where *R~f~* is the resistance of the selectivity filter, which we assume to be sucrose insensitive; *R~SucFr~* is the resistance representing the deeper sucrose-inaccessible zone of the cavity (sucrose free); *R~SucOc~* is the resistance in the shallower sucrose-accessible zone (sucrose occupied); and *R~AccEx~* and *R~AccIn~* are the external and internal access resistances, respectively. Then, the total change in channel resistance produced by internal sucrose addition is:$$R_{T}^{S} - R_{T} = \left( {R_{SucOc}^{S} - R_{SucOc}} \right) + \left( {R_{AccIn}^{S} - R_{AccIn}} \right),$$where $R_{SucOc}^{S}$ and $R_{AccIn}^{S}$ are the resistances of both sucrose-permissive zones when sucrose is present in the internal solution. Assuming that the resistivity of a 100-mM K^+^ solution is 7.14-fold higher after 2 M of sucrose addition ([@bib5]), then:$$R_{SocOc}^{S} = 7.14R_{SucOc}\,\text{and}\, R_{AccIn}^{S} = 7.14R_{AccIn}.$$By replacing these expressions in [Eq. 5](#fd5){ref-type="disp-formula"}, we obtain: $R_{T}^{S} - R_{T} = 6.14\left( {R_{SucOc} + R_{AccIn}} \right).$

![In-series connected resistance model. The conduction pathway was divided into five resistors connected in-series: the external and internal access resistances, *R~AccIn~* and *R~AccEx~*, respectively; the resistance of the section occupied by sucrose, *R~SucOc~*; the resistance of the sucrose-free section, *R~SucFr~*; and the selectivity filter, *R~f~*. See [Table 2](#tbl2){ref-type="table"} for details of resistance calculations.](JGP_201411353_Fig7){#fig7}

For Shaker-WT and P475Q (*r*~c~ = 0.82 Å), the calculated *R~AccIn~* goes from 2.33 GΩ in control to 17 GΩ with sucrose in the test solution, whereas for P475D, it increased from 1.16 to 8.3 GΩ. In addition, for Shaker-WT, the resistance, measured in the inward currents, changed from 39 to 90 GΩ with sucrose. Then, $R_{T}^{S}$ − *R*~T~ = 6.14(*R~SucOc~* + 2.3) = 51 GΩ; thus, *R~SucOc~* = 6.0 GΩ and then *R~f~* + *R~SFr~* is ∼30 GΩ. Because we do not have an estimate for Shaker's *R~f~*, we can assume, based on nearly identical permeability ratio sequences, that it is identical to that of P475D, which is 3.07 GΩ, at the most ([Table 1](#tbl1){ref-type="table"}). Assuming that *R~f~* = 3 GΩ for all Shaker variants tested here, we estimated the contribution of each zone to the total pore resistance ([Table 2](#tbl2){ref-type="table"}). Thus, the cavity resistance (*R~SucOc~* + *R~SucFr~*) in Shaker-WT is ∼32 GΩ, 10-fold larger than that of the selectivity filter, and twice and 70-fold larger than the resistance of P475Q and P475D cavities, respectively.

###### 

Sectional resistances along the pore of Shaker variants

  Variant   *r~C~*                                 *R~T~*   $R_{T}^{S}$   *R~AccIn~*   $R_{\mathit{AccIn}}^{S}$   *R~AccEx~*                             *R~SucOc~*   *R~SucFr~*   *R~f~*                                 *R~SucFr~* + *R~f~*   \%*Occ*   *R~f~*/*R~T~*
  --------- -------------------------------------- -------- ------------- ------------ -------------------------- -------------------------------------- ------------ ------------ -------------------------------------- --------------------- --------- ---------------
            *Å*                                                                                                                                                                                                                                           
  WT        0.82                                   39       90            2.33         16.6                       2.1                                    5.98         25.60        3.0                                    28.60                 0.19      0.08
  475Q      0.82                                   20       77            2.33         16.6                       1.5                                    7.00         6.30         3.0                                    9.30                  0.53      0.15
  475D      1.64                                   6.6      16            1.16         8.30                       2.0                                    0.37         0.07         3.0                                    3.07                  0.84      0.45
  BK        4.4[a](#tblfn1){ref-type="table-fn"}   4.0      8.0           0.29         2.07                       0.9[b](#tblfn2){ref-type="table-fn"}   0.36         0.45         2.0[c](#tblfn3){ref-type="table-fn"}   2.44                  0.45      0.50

Parameters of the in-series connected resistance model. The conduction pathway was divided in five resistors connected in-series ([Fig. 7](#fig7){ref-type="fig"}). Resistors are: the external access (*R~AccEx~*), measured with [Eq. 2](#fd2){ref-type="disp-formula"}; the internal access (*R~AccIn~*), calculated from [Eq. 3](#fd3){ref-type="disp-formula"}; the sucrose-accessible section (*R~SucOc~*); the sucrose-free section (*R~SucFr~*); and the selectivity filter (*R~f~*). The capture radius, *r*~C~, is expressed in Å. *R~T~* is the total channel resistance in control, and $R_{T}^{S}$ is the total channel resistance after the addition of 2 M sucrose to the internal side. %Occ is the fraction occupied by the sucrose-accessible section, and *R~f~* /*R~T~* is the fraction of the total resistance contributed by the selectivity filter. Values for BK channels were calculated from data in [@bib5], who used 150-mM KCl solutions. All resistance values are given in GΩ.

The radius of capture assumes intact charge rings and conductivity of a 150-mM KCl solution.

*R~AccEx~* was calculated assuming *r*~C~ = 1.4 Å ([@bib45]).

*R~f~* was set to two thirds of Shaker's because of the use of 150 mM K^+^ instead of 100 mM K^+^, and conductance increases nearly linear with K^+^ concentration in that range.

In WT BK channels, with an intact ring of negative charges, the change in resistance for the inward currents induced by sucrose in 150 mM K^+^ is $R_{T}^{S}$ − *R~T~* ∼4 GΩ ([@bib5]). Taking *r~C~* = 4.4 Å as the effective internal radius of capture, then *R~AccIn~* = 0.29 GΩ. Also, assuming an external radius of capture of 1.4 Å, *R~AccEx~* = 0.91 GΩ ([@bib45]), and using [Eq. 4](#fd4){ref-type="disp-formula"}, *R~f~* + *R~SFr~* is ∼2.44 GΩ. This figure set an upper limit for BK channels' *R~f~* that, because it is comparable to the total pore resistance, is consistent with a highly focused electric field across this structure ([@bib23]; [@bib24]). Thus, assuming *R~f~* = 2 GΩ (because BK channel measurements were made in 150 mM K^+^), ∼50% of the voltage would drop across its selectivity filter, whereas only 8% would do it across Shaker's. Thus, BK channel cavity resistance is ∼0.8 GΩ, ∼1/44 of that of Shaker's cavity.

[@bib14] measured the resistance changes of part of the entrance pathway of BK channels' inner cavity, delimited by the charged rings at positions 321 and 324, whose volume was altered when amino acid side chains were changed. These experimental maneuvers may have also altered the access resistance, but the authors did not explicitly state it. When mapped on the structure of the open MthK channel, this slice corresponded to approximately one third of the inner cavity volume. If we assume, according to our model applied to the data from [@bib5], that BK channels' cavity resistance is 0.81 GΩ, then the slice resistance should be (*R~SucOc~* + *R~SucFr~*)/3 + *R~AccIn~* = 0.56 GΩ. This value is in reasonably good agreement with the 0.34--0.45 GΩ estimated by [@bib14], considering the differences in the experimental and methodological approaches.

Translating these resistances ratios between Shaker and BK channel cavities to the energy that the ions require to go across the pore, 1/40 in the rate of ion transport is equivalent to ∼2.2 kcal mol^−1^. This energy difference could be caused by the dissimilarities in the physical dimensions of each pore. The free energy of an ion inside the center of a cylindrical aqueous cavity decreases by 1.5--28 kcal mol^−1^ Å^−1^ in radius ([@bib38]; [@bib8]; [@bib24]; [@bib42]). Thus, if we extend the ∼1.4-Å difference in their capture radius to the whole cavity, assuming cylindrical geometries, on average a K^+^ ion would be ∼40-fold more comfortable in the BK channel wider cavity. Keeping in mind the architectural and chemical complexities of each channel, this analogy could be a large oversimplification; however, the trend relating the energy with the cavity dimensions is not only theoretically supported ([@bib38]) but also accurate in representing the attributes of several ion channels ([@bib24]; [@bib42]). Thus, a narrower cavity, where ions interact more intimately with the channel walls, would exhibit a resistance increment much larger than that expected solely by reducing the cross-sectional area for diffusion.

Alternatively, friction with the pore walls could also make ions go slower. Let's imagine a K^+^ ion with its squared antiprism water cage rolling around the narrow Shaker pore ([@bib47]). If rigid, the cage would be bouncing with every little bump in the pore walls. On the other hand, in a wide cavity, the water molecules of the second (and loosely bound) hydration shell would act as "ball-bearing" sliding mechanisms, reducing the effective friction of the cage. To our knowledge, this possibility has not been tested seriously for ion diffusion in narrow pores; however, in this regard, it is interesting that the difference in the capture diameters (2 × *r~C~*) between BK and Shaker channels is ∼2.8 Å, the size of a water molecule. Thus, there is enough space for "ball-bearing sliding."

We have proposed a common experimentally derived parameter, the sectional electrical resistance, to account for the diversity in single-channel conductances despite the high conservation in the selectivity filter structure among the potassium channel superfamily. In this scheme, the diverse unitary conductances reside in the cavity's contribution to the total resistance. The low conductance of Shaker channels could be caused by: (a) the high resistance associated with the energetic cost of placing a cation in its narrower aqueous cavity immersed in a low dielectric, or (b) to a higher friction delivered by a rigid hydration cage bumping with cavity walls. Charge addition to the Shaker cavity made it more ion friendly and reduced its resistance. [Table 2](#tbl2){ref-type="table"} shows that the P475D cavity resistance is ∼1/70 that of Shaker-WT, reaching a value comparable to that of BK channels. Thus, within this perspective, the addition of negative charges to the cavity circumvents the excess energy required to introduce an ion in it. The negative charge additions to the conduction pathway increased significantly the pore occupancy but did not increase maximum unitary conductance beyond the ∼200-pS ceiling ([Figs. 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}). This limit indicates the existence of additional barriers or steps for K^+^ permeation to overcome in Shaker-type channels in order to match BK channels. These barriers could be, for example, friction, dehydration step(s) to enter/exit the selectivity filter, or simply threefold slower translocation across the selectivity filter, which in activation energy terms is equivalent to ∼1 kT.
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